There is a current interest in the development of biodosimetric methods for rapidly assessing radiation exposure in the wake of a large-scale radiological event. This work was initially focused on determining the exposure dose to an individual using biological indicators. Gene expression signatures show promise for biodosimetric application, but little is known about how these signatures might translate for the assessment of radiological injury in radiosensitive individuals, who comprise a significant proportion of the general population, and who would likely require treatment after exposure to lower doses. Using Parp1 -/-mice as a model radiation-sensitive genotype, we have investigated the effect of this DNA repair deficiency on the gene expression response to radiation. Although Parp1 is known to play general roles in regulating transcription, the pattern of gene expression changes observed in Parp1
-/-mice 24 h postirradiation to a LD 50/30 was remarkably similar to that in wild-type mice after exposure to LD 50/30 . Similar levels of activation of both the p53 and NFjB radiation response pathways were indicated in both strains. In contrast, exposure of wild-type mice to a sublethal dose that was equal to the Parp1 -/-LD 50/30 resulted in a lower magnitude gene expression response. Thus, Parp1 -/-mice displayed a heightened gene expression response to radiation, which was more similar to the wild-type response to an equitoxic dose than to an equal absorbed dose. Gene expression classifiers trained on the wild-type data correctly identified all wild-type samples as unexposed, exposed to a sublethal dose or exposed to an LD 50/30 . All unexposed samples from Parp1
-/-mice were also correctly classified with the same gene set, and 80% of irradiated Parp1 -/-samples were identified as exposed to an LD 50/30 . The results of this study suggest that, at least for some pathways that may influence radiosensitivity in humans, specific gene expression signatures have the potential to accurately detect the extent of radiological injury, rather than serving only as a surrogate of physical radiation dose. Ó 2018 by Radiation Research Society
INTRODUCTION
In this time of heightened concerns over the possibility of accidental releases of radioactive material or deliberate radiological or nuclear attacks, the development of biodosimetry approaches has been recognized as an important component within a broader national preparedness campaign (1) (2) (3) . Radiological triage currently relies on clinical signs, such as daily blood counts, which would be impractical in a large-scale event, and time to emesis, which is imprecise and prone to a high-false-positive rate (4). Having a biologically based method for rapid triage of individuals with radiological injuries would be crucial in a resource-limited environment. In addition, the ability to reassure the ''worried well'' who received no appreciable radiation exposure could help to reduce panic in a chaotic situation. Areas of focus for biodosimetry include the automation of traditional cytogenetic assays, such as the scoring of micronuclei (5, 6), dicentrics (7, 8) or breaks in prematurely condensed chromosomes (8, 9) , and the development of molecular signatures based on transcriptomic (10, 11) , proteomic (12, 13) or metabolomic (14) (15) (16) profiling.
It has become clear from clinical studies that the same dose of radiation does not translate to an identical level of radiological injury in all individuals, with 2-4% of the population estimated to have some form of enhanced radiation sensitivity (17) . The results of cell-based studies have further suggested broad variations in radiation sensitivity exist among the seemingly normal population (18, 19) , with defects in DNA repair potentially affecting approximately 1 in 3 individuals and resulting in up to a 50% reduction in efficiency (20) . In other studies, an interindividual variation in base excision repair (BER) up to 3.4-fold has been reported, depending on the assay used (21) .
While the factors underlying general radiosensitivity have not been fully elucidated, the extreme sensitivity of patients with DNA repair deficiency syndromes, such as ataxia telangiectasia (22) , suggests that DNA repair capacity may be an important factor. Although members of the general population with previously undetected radiosensitivity are unlikely to have the complete loss of function, as represented in mutant mouse models, such models nevertheless help to define the type and upper limits of the effects that DNA repair-related sensitivity might be expected to have on gene expression in response to radiation exposure.
In a recent study, we used genetically engineered radiosensitive mouse models with deficiency in DNA double-strand break (DSB) pathways [ataxia telangiectasia mutated (Atm -/-) or DNA-PKcs (Prkdc Scid )] to show that disruption of these pathways dramatically changed the radiation-induced gene expression response (23) . Despite differences from the human radiation response, including DNA repair pathway preference and specific gene expression changes, genetically engineered mouse models representing deficiencies in DNA repair can be useful both for characterizing radiation response at the molecular level and for guiding the development of biodosimetry models. It should also be noted that while mouse models are often used to address radiation biodosimetry questions that cannot be studied directly in humans, mouse signatures are not developed to be directly informative in humans. Indeed, even results from non-human primate studies appear not to be directly applicable to human biodosimetry, although careful selection of signature genes and application of interspecies conversion algorithms show promise for the translation of the results of such experiments (24) .
In addition to DSB repair, BER is an important DNA repair pathway relevant to radiation exposure. BER repairs single-strand breaks and helps protect cells from oxidative damage caused by radiation (25) . Poly (ADPribose) polymerases play a crucial role in the BER pathway, with poly(ADP-ribose) polymerase-1 (Parp1) accounting for the majority of Parp activity in mouse cells (26) . The Parp polymerases catalyze synthesis of poly (ADP-ribose) from NAD þ on a wide array of target proteins in a process known as poly ADP-ribosylation (PARylation). PARylation of chromatin proteins helps to signal DNA breaks and makes the chromatin accessible to repair factors. Although Parp1 was initially associated with the BER pathway, more recent evidence suggests it also plays a role in other repair pathways, including the DSB repair pathways (27) .
In addition to its roles in DNA repair, Parp1 is involved in many other cellular processes, including the regulation of chromatin structure, cell death pathways and transcription (28) . Parp1 may help to drive decisions of cell fate towards cell cycle arrest and DNA repair after low levels of DNA damage, or towards apoptosis and other modes of cell death after high levels of DNA damage (29) . Human mutations in Parp1, or alterations in its expression, have also been associated with an increased cancer risk (21, 30, 31) and improper DNA repair (32) . Similarly, BER pathway mutations in the DNA polymerase beta (POLB) and X-ray repairing cross-complementing 1 (XRCC1) genes have also been studied extensively and have been associated with variations in DNA repair levels from 37-60%, and with increased cancer risks (33) (34) (35) (37) . The enhanced radiosensitivity of the Parp1 -/-mice is associated with an extended cellular G 2 arrest and accumulation of unrepaired DNA damage, followed by mitotic catastrophe. Increased Parp activity has been linked to longevity across species (38, 39) , however, the mutant Parp1 mouse does not have a shortened life span (40) . In a recently reported study, these mice were found to have differences from WT mice in their urinary metabolome after radiation exposure at times relevant to radiological triage (37) . Although we would not expect humans undergoing triage to include individuals with a complete lack of Parp1, this model serves as an extreme case to test the potential for defects in BER and the Parp pathway to influence determination of radiation dose by gene expression.
In previous studies, we have used a transcriptomic approach to identify gene signatures for radiation biodosimetry (41) (42) (43) (44) (45) (46) (47) . We have examined the effect of dose, dose rate, radiation quality and internally deposited radionuclides on the expression of genes for potential use in biodosimetry (41, (45) (46) (47) (48) (49) (50) (51) More recently, we have begun to investigate the effect of deficiencies in major DNA repair pathways relevant to radiation survival on the gene expression response to radiation, with initial studies focused on DNA DSB repair using Atm -/-and Prkdc Scid mouse models (23) . In these studies, we have compared responses at LD 50/30 , since this represents a defined level of physiological response to allow direct comparison between strains with different radiation sensitivities. Here, we report on the changes observed in global gene expression one day postirradiation of Parp1 -/-or WT mice to an approximately LD 50/30 of gamma rays (6 Gy for Parp1 -/-and 8.8 Gy for WT mice). We also measured the response of WT mice to 6 Gy gamma rays for comparison of a dose equal to the LD 50/30 of Parp1 -/-mice. In Parp1
-/-mice, we found a heightened gene expression response to radiation, which was more similar to the wildtype response to an equitoxic dose than to an equal absorbed dose.
METHODS

Mice and Irradiations
Mice with a homozygous deletion of Parp1 (129S-Parp1 tm1Zqw /J, referred to henceforth as Parp1 -/-) (40) and the corresponding 129S wild-type strain were purchased from the Jackson Laboratory (Bar Harbor, ME) and bred at Georgetown University (Washington, DC).
All mouse work was conducted at Georgetown University under Protocol 13-003 approved by the Georgetown University Institutional Animal Care and Use Committee, and in accord with NIH guidelines. The animals had access to food and water ad libitum and were maintained with a standard 12 h light/dark cycle.
Male mice at 8-10 weeks of age were exposed to approximately LD 50/30 137 Cs gamma rays, corresponding to 6 Gy for the Parp1 -/-animals (36) and 8.8 Gy for the WT mice (37) . The dose rate was approximately 1.67 Gy/min. A second group of WT animals were also exposed to 6 Gy, and for both genotypes a group of control animals were sham irradiated.
At 24 h postirradiation animals were sacrificed, and blood was collected by cardiac puncture into PAXgenee blood RNA stabilization solution (PreAnalytiX; QIAGENt, Valencia, CA). After mixing thoroughly, the samples were stored at -808C prior to shipping to Columbia University (New York, NY) for RNA analysis.
RNA Isolation and Microarray Expression Analysis
RNA isolation, microarray hybridization and data analysis were performed as described elsewhere (45) . Briefly, RNA was extracted from the stabilized blood with the PAXgene Blood RNA kit (QIAGEN), and globin transcripts were reduced with the GLOBINcleare-Mouse/Rat Kit (Thermo Fisher Scientifice Inc., Rockford, IL). The Agilent Bioanalyzer (Santa Clara, CA) was used to assess RNA quality, and samples with RIN 7 (average 8.5) were used for single-color hybridization with Agilent Whole Mouse Genome Microarrays (v2 4x44K) according to the manufacturer's protocol. After hybridization and washing, slides were imaged on the Agilent DNA Microarray Scanner, and data were extracted using the default settings of the Agilent Feature Extraction Software version 11.5.1. The final dataset comprised five animals from each genotype-dose group (except for the 8.8 Gy irradiated WT group, which contained samples from four animals) and is available from the Gene Expression Omnibus (accession no. GSE101402).
For each genotype, genes with significantly different expression levels between the control and irradiated groups were identified using the BRB-ArrayTools class comparison tool (52) . P , 0.001 was considered statistically significant, and the Benjamini-Hochberg false discovery rate (FDR) was used to correct for multiple comparisons and limit false discoveries to below 5% (53) . Genes meeting both these criteria are referred to as ''regulated''. BRB-ArrayTools was also used to generate clustered heat maps and multidimensional scaling (MDS) plots to illustrate gene expression patterns.
Class prediction was also performed with BRB-ArrayTools. Genes were selected using a statistical cutoff of P , 10 -7 , and the wild-type expression data were used as a training set with four classification methods (diagonal linear discriminant analysis, 1-and 3-nearest neighbors, nearest centroid) used to classify samples as exposed to 0, 6 or 8.8 Gy. These four classifiers were then used to predict the radiation status of the Parp1 -/-samples. The algorithm was run using the stated parameters without optimizing or minimizing the number of genes included in the classifier.
Gene ontology analysis was performed on lists of differentially expressed genes using the Statistical Overrepresentation Test in PANTHER Tools with default parameters (54, 55) . GO-Slim biological processes or PANTHER pathways with P , 0.05 (after applying Bonferroni correction for multiple-comparison testing) were considered significant.
Expression values of the differentially expressed genes were imported into the Ingenuity Pathway Analysis software [IPA; QIAGEN (formerly Ingenuity Systems), Redwood City, CA], for each genotype-dose condition. The IPA core analysis was run to predict putative upstream regulators of the observed gene expression responses. IPA makes use of a database of relationships between gene products curated from the published literature to predict activation or inhibition of potential regulators upstream of the observed changes in gene expression. A z-score 2 or -2 was considered statistically significant for prediction of regulatory factor activation or inhibition, respectively.
Quantitative Real-Time RT-PCR
Total RNA was reverse transcribed (RT) using the manufacturer's protocol of the High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Thermo Fisher Scientific). Real-time RT-PCRs were performed using the Applied Biosystemst 7900 HT system (Carlsbad, CA) with TaqMant assays for Cdkn1a (assay ID: Mm01303209_m1), Phlda3 (assay ID: Mm00449846_m1), Il1B (assay ID; Mm00434228_m1) and Actb (assay ID: Mm00607939_s1). Relative fold changes were calculated using the DDC t method, as described elsewhere (56) and normalized to Actb. Fold changes were the mean of three independent pools formed by pooling RNA from 2-4 different biological replicates for each condition. Each reaction was performed in duplicate to provide technical replicates.
RESULTS
Differentially Expressed Genes
Equitoxic doses (approximately LD 50/30 ) of gamma rays were given to Parp1
-/-(6 Gy) and WT (8.8 Gy) mice, with a second group of WT mice also receiving 6 Gy. Shamirradiated mice of each genotype were used as controls. Blood was collected 24 h postirradiation for whole-genome RNA analysis using Agilent microarrays. The expression data were analyzed using BRB-ArrayTools to identify genes significantly differentially expressed after irradiation. Compared to controls, there were 1,370 differentially expressed genes [P , 0.001, false discovery rate (FDR) ,5%] in WT mice after 8.8 Gy irradiation and 1,177 after 6 Gy irradiation (Supplementary File S1; http://dx.doi.org/10. 1667/RR14990.1.S1). In Parp1 -/-mice, 1,677 genes were differentially expressed after 6 Gy irradiation (Supplementary File S1). Altogether, 3,009 genes were differentially expressed in at least one dose-genotype condition (Fig. 1A and Supplementary File S2; http://dx.doi.org/10.1667/ RR14990.1.S2). Of these, 1,332 were regulated in WT but not Parp1 -/-mice and 847 were regulated in Parp1 -/-but not WT mice (Supplementary File S2) . The overall response pattern of all 3,009 radiation-responsive genes in each sample is summarized visually in the MDS plot shown in Fig. 1B .
Gene ontology analysis was performed in PANTHER to look for common biological processes or pathways that were over-represented among the differentially expressed genes. Since 80% of the genes differentially expressed in Parp1 -/-mice after irradiation were upregulated, the analysis focused on upregulated genes. The results ( Table  1) are indicative of a relatively typical radiation response, with broad similarity evident between the pathways responding to LD 50/30 in WT (8.8 Gy) and Parp1
-/-(6 Gy) mice. The lists of differentially expressed genes were also imported into IPA for prediction of activation or inhibition of regulatory factors potentially upstream of the observed gene expression (Fig. 2 and Supplementary File S2; http://dx.doi.org/10.1667/RR14990.1.S2).
Quantitative Real-Time RT-PCR (qRT-PCR)
Relative expression of Cdkn1a, Phlda3 and Il1b was measured by qRT-PCR (Fig. 3) . The results agreed with the pattern of expression seen in the array data, supporting the observed trend of heightened gene expression responses among both p53-regulated genes (Cdkn1a and Phlda3) and mediators of inflammatory response (Il1b) in the Parp1 -/-mice responding to radiation.
Class Prediction
BRB-ArrayTools was also used to train classifier algorithms using the gene expression data from the WT mice, and then to test the ability of those algorithms to classify the radiation status of the Parp1 -/-samples. The resulting classifier was composed of 36 genes (Supplementary File S3; http://dx.doi.org/10.1667/RR14990.1.S3). IPA upstream analysis revealed multiple potential upstream regulators for these 36 genes, with the largest number of genes regulated by interferon gamma (IFNG, 11 genes), interleukin-2 (IL2, 9 genes) and tumor protein p53 (TP53, 9 genes) and 7 genes each regulated by signal transducer and activator of transcription 1 (STAT1), interleukin-4 (IL4), interleukin-1B (IL1B), tumor necrosis factor (TNF) and hepatocyte nuclear factor 4 alpha (HNF4A) (Supplementary File S3). All four algorithms tested (diagonal linear discriminant analysis, 1-and 3-nearest neighbors and nearest centroid) performed with 100% accuracy during leave-one-out cross validation on the WT samples. The performance of all four algorithms on the data from the Parp1 -/-samples was highly consistent and agreed with our earlier clustering results (Fig. 1) . Each algorithm classified all Parp1
-/-control samples correctly as controls, and 4 of the 5 irradiated Parp1 -/-samples as exposed to 8.8 Gy (the biological or LD 50/30 ), with one irradiated sample being classified as exposed to 6 Gy (the physical dose delivered to the mice).
DISCUSSION
In this study, we have compared the gene expression response to radiation in Parp1 -/-and wild-type mice at 24 h postirradiation. This time was selected for initial studies as it represents the earliest time in planning scenarios when outside assistance is expected to arrive and sample collection for large-scale biodosimetry can be initiated (57, 58) . Since gene expression responses to radiation exposure are known to be highly dynamic (45, (59) (60) (61) (62) , and biodosimetry methods may be needed through the first week after an event, future studies will be needed to fully elucidate the effect of DNA repair deficiencies on gene expression throughout this time.
We observed a pattern of similarity in the gene expression response between the two genotypes in all analyses (Fig. 1) . Although 61% of the genes responding significantly to radiation in WT mice were not significantly responsive in Parp1 -/-mice, and 51% of those responding in Parp1 similarities in the pathways activated by radiation in both genotypes. Integrin, p53, Ras, inflammation and apoptosis pathways were over-represented among differentially expressed genes responding to the LD 50/30 in both genotypes, but not in the WT response to 6 Gy irradiation. Additional pathways, including EGF receptor signaling and oxidative stress response were significantly over-represented only among the genes responding in Parp1 -/-mice. Many factors in addition to DNA repair status can affect gene expression levels, leading to variation among individuals in both endogenous expression levels (63) and radiation response (64, 65) . Factors of concern in addition to genetic differences include disease status, especially conditions involving chronic inflammation (66) (67) (68) (69) , and lifestyle factors, such as smoking (42, 66, 70) . A few studies have been undertaken to explore the potential effect of such confounding factors on gene expression biodosimetry. For instance, using lipopolysaccharide (LPS) injection in mice as a model for inflammatory response, several groups have found that while both the baseline and postirradiation levels of some radiation-responsive genes are altered by LPS, it is still possible to select genes for biodosimetry that appear unaffected by inflammation (66, 67) . We drew similar conclusions from a study using ex vivo irradiation of human peripheral blood from smokers or non-smokers. While the radiation response of a small number of genes was different in the two groups, smoking status did not affect the ability of a previously defined gene expression signature to detect radiation exposures as low as 0.1 Gy (42) . While the combined effects of multiple factors, such as DNA repair deficiency and active smoking status, are currently unknown, this remains an area of active interest in research, and may be especially important when discrimination of lower doses (2 Gy) is needed.
In addition to its roles in DNA repair, Parp1 is involved in several aspects of the regulation of gene expression, including regulating chromatin accessibility (28), acting as a transcriptional co-activator (71, 72) , RNA metabolism and interactions with RNA binding proteins (73) , and modifying transcription factors to inhibit their promoter binding activity (74, 75) . We therefore applied IPA upstream regulator analysis to our gene expression results, and again found a broad similarity of predicted transcription factor activation by radiation in Parp1 -/-and WT mice ( Fig. 2 and Supplementary Table S2 ; http://dx.doi.org/10.1667/ RR14990.1.S2). For instance, two of the major transcription factors involved in the radiation response, p53 and NFjB, were predicted to be significantly activated in both genotypes after LD 50/30 (p53: WT z-score ¼ 5.8, Parp1
-/-z-score ¼ 6.1; and NFjB complex: WT z-score ¼ 1.8,
Parp1
-/-z-score ¼ 3.8). Both p53 and NFjB have been shown to be transiently PARylated in response to various stresses (76), generally reducing their affinity for binding to the promoters of downstream effector genes (76) . PARylation of p53 promotes stabilization and accumulation of the protein, but induction of Bax and Fas was not seen until PARylation levels declined. In the absence of functional Parp1, non- (78) , may also contribute to higher levels of stress signaling and a heightened or more prolonged induction of p53 target genes in the Parp1 -/-mice. This is reflected in our study by the trend of larger magnitude induction observed, for example, for the p53 targets Cdkn1a and Phlda3 (Fig. 3) . Furthermore, this pattern is consistent with the changes in energy metabolism recently reported in the urinary metabolome of irradiated Parp1
-/-mice (37), which were attributed in part to altered timing and modes of radiation-induced cell death, and induction of mitotic catastrophe as a result of unrepaired DNA damage.
Consistent with our observations of gene expression patterns, Beneke et al. (79) reported a larger induction of p53, as well as increased apoptosis, in thymocytes from Parp1 -/-mice within the first 36 h after 2 Gy X-ray irradiation. They also demonstrated increased radiationinduced transcriptional transactivation of an Mdm2 reporter construct by p53 when Parp1 activity was ablated. A similar increase in apoptosis and p53 accumulation has also been reported after DNA damage in splenocytes from Parp1 -/-mice (78) . In contrast, mouse embryo fibroblasts from Parp1
-/-mice were reported to show reduced accumulation and Ser-15 phosphorylation of p53 in response to gamma rays, along with reduced responses of Cdkn1a and Mdm2 mRNA (80) . Inhibition of Parp1 function in two transformed human cell lines also resulted in delayed and attenuated induction of Cdkn1a and Mdm2 proteins and suppressed G 1 arrest after exposure to ionizing radiation (81) . Together, these results may suggest that without active Parp1, the p53-driven transcriptional response to radiation may be ablated in fibroblasts or cells of epithelial origin, with Parp1 loss having the opposite effect in cells of lymphoid/myeloid origin. This may be a result of different expression of other Parp family members in different tissues, or due to the activity of different p53 cofactors in white blood cells compared to less radiosensitive tissues.
Parp1 also contributes directly to NFjB activation and its regulation of gene transcription (82, 83) . Activation of NFjB and its DNA binding/transactivation activity were reported to be dependent on wild-type Parp1 activity when assayed at 1-2 h postirradiation in several cell types derived from Parp1 -/-or WT mice (82, 84) . These findings contrast with our observation of an apparent enhancement of radiation-induced NFjB activation in the Parp1 -/-mice -/-(6 Gy). The responses are shaded according to the scale bar to represent the z-score associated with the prediction of response. A z-score 2 represents a significant prediction of activation (red) and a z-score -2 represents a significant prediction of inhibition (blue). (Supplementary File S2; http://dx.doi.org/10.1667/ RR14990.1.S2) at 24 h postirradiation. However, the difference in the times at which measurements were made suggest that in the absence of functional Parp1 there could be an initial delay in the response of NFjB and its effector genes, such as Il1b (Fig. 3) , which is overcome by 24 h postirradiation.
The similarity between the gene expression response to LD 50/30 in both WT and Parp1 -/-mice was evident across all 3,009 genes that responded significantly in either genotype. This broad similarity of responses contrasts with the findings of our recently published experiments in irradiated Atm -/-and Scid mice, in which we reported strong overall ablation of the gene expression response (23) . The similarity of responses in WT and Parp1 -/-mice is illustrated in Fig. 1B by a MDS plot. The MDS plot represents each individual sample as a point, with the distance between two points representing the relative difference in expression of all 3,009 genes in those samples. Figure 1B shows all the control samples cluster together regardless of genotype, but the samples from Parp1 -/-mice exposed to 6 Gy cluster with the WT samples exposed to an equitoxic 8.8 Gy dose, rather than with the 6 Gy irradiated WT equidose samples. This suggests that gene expression in Parp1
-/-mice after radiation exposure is more reflective of the level of radiological injury than the level of physical dose, which could be useful in a biodosimetry setting.
To further test the ability of gene expression to detect an LD 50/30 exposure in Parp1 -/-radiosensitive mice, we trained classifiers using the WT data, and used them to predict the radiation status of Parp1 -/-mice. Although the classifiers were not optimized for the minimum number of genes required, unexposed Parp1 -/-mice were predicted as such with 100% accuracy, while 80% of the irradiated Parp1 -/-mice were classified as receiving a dose equivalent to the WT LD 50/30 , rather than their actual physical dose of 6 Gy. This basic classification exercise further supports the notion that at least for some underlying genotypes, radiation sensitivity with abnormalities in the BER pathway may affect the magnitude of gene expression in response to a given physical dose, such that the resulting gene expression profile may provide an accurate reflection of the extent of individual radiological injury. Taken together with the results of our recently reported study with DSB repair mutants (23), the findings suggest that genes selected and tested on a diverse population of humans should likely perform appropriately across a broad range of radiosensitivities, but this will require testing and signature development in a human model. Further studies are needed to more fully explore the effect of DNA repair-deficient phenotypes, subtle variations in repair capacity or the possible interactions between DNA repair deficiencies and other potential confounding factors on biodosimetry, using gene expression signatures at a range of doses and times.
SUPPLEMENTARY INFORMATION
File S1. Lists of genes identified as significantly differentially expressed after irradiation. As shown in the first, second and third tables, respectively, compared to controls, in WT mice after 8.8 Gy irradiation, there were 1,370 differentially expressed genes [P , 0.001, false discovery rate (FDR) ,5%] and after 6 Gy, there were 1,177; and in Parp1 -/-mice after 6 Gy, 1677 genes were differentially expressed.
File S2. A total of 3,009 genes were differentially expressed in at least one dose-genotype condition. Of these, 1,332 were regulated in WT but not Parp1 -/-mice, and 847 were regulated in Parp1 -/-but not WT mice. The first table shows genes in the clustered order in which they appear in the heatmap in Fig. 1A . The second table provides lists of genes only responding significantly in WT mice (list A) and Parp1 -/-mice (list B). The lists of differentially expressed genes were imported into IPA for prediction of activation or inhibition of regulatory factors potentially upstream of the observed gene expression. The third table is an annotation of Fig. 2 .
File S3. BRB-ArrayTools was used to train classifier algorithms using the gene expression data from the WT mice, and then to test the ability of those algorithms to classify the radiation status of the Parp1 -/-samples. The resulting classifier was composed of 36 genes (first table) . Top upstream regulators of classifier genes, as determined by IPA analysis, are also listed (second table) .
